African easterly waves are important synoptic phenomena during the northern summer over West African continent. Good knowledge of these waves and their variability will definitely enhance our understanding of persistent African drought and climate change. Alsts, most of the Atlantic h r i c a n e s (about 80%) originated from these waves. In this study, we explored the rrlaiionships hetween these waves' dynamic atruc1,ure and accompanying convection and. precipitation. NCEP/NCAR Reanalysis 850 mb meridional wind component is used to represent the wind perturtation and TRMM rainfall data to denote the surface rainfall varitions. Wavelet spectrum and cross-spectrum analyses are used to quantify the wave and rainfall perturbation intensity, and their relations. Based on these analyses, wave structure and associated precipitation are further inferred. It is found, the wave structure and associated convective coupling might be latitude-dependent. In the northern Sahel region, convection and precipitation may not be a positive factor for the wave development. Intense positive correlations are only seen south of about 15"N. Furthermore, the strongest positive relations between the waves and convection are observed primarily during July-September. The inferred horizontal wave structure is confirmed by a 5-year composite analysis.
There is a tendency for the perturbations in meridional wind component to lag (lead) precipitation signals south (north) of 15"N. In some cases, either an in-phase or out-of-phase relationship can even be found between these two variables, suggesting a latitude-dependent horizontal structure for these waves and probably implying two distinct wave-convective coupling mechanisms. Moreover, the lagging relationship (and/or the out-of-phase tendency)
is only observed south of 15"N during July-September, indicating a strong seasonal preference. This phase relationship is generally consistent with the horizontal wave structures from a composite analysis.
Introduction
Westward-propagating synoptic-scale waves over West Africa, commonly called African Easterly Waves (AEWs), are very important weather phenomena during the boreal summer. They can organize and effectively modulate precipitation over western African continent, and evolve into tropical cyclones under certain favorable circumstances when they move into the Atlantic Ocean [e.g., Curlson, 1969a, b; Burpee, 1972 Burpee, , 1974 Burpee, , 1975 Reed et al., 19771. Various surface and upper air data, particularly the data from the Global Atmospheric
Research Program (GARP) Atlantic Tropical Experiment (GATE), and satellite infrared (IR) observations have widely been applied to extract synoptic-scale wave signals and characterize their spatial structures through spectral and composite analyses, respectively
[e.g., Burpee, 1974; Reed et al., 1977; Duvel, 19901 . Generally encompassing a period of 3 -8 days, these synoptic-scale waves propagate westward at a speed of 5 -10 ms-l, yielding a wavelength on the order of 1000 -5000 k m . Maximum wave amplitude is in the meridional wind component and located in the 850 -650 mb layer [e.g., Burpee, 1972; Reed et al., 19771 . Their spatial structures and particularly relations with cloudiness and/or precipitation are emphasized [e.g., Curlson, 1969a, b; Burpee, 1974; Reed e t al., 1977; Chen and Oguru, 1982; Duvel, 1990; Diedhiou et al., 20011 . It is found that, in general, two perturbation centers associated with these waves actually exist. (i) One is south of about 10" N always accompanying moist convection. Maximum northerly and southerly wind components in the lower layer occur before and after the wave trough, respectively. Most intense upward motions occur within, and somewhat ahead of the wave trough (corresponding to intense convergence near the surface in the region just ahead D R A F T Details of the datasets and method (a 1-d wavelet analysis) are described in section 2.
In section 3, the results from wavelet spectral and cross-spectral analyses are presented, along with a composite analysis. Finally, conclusions and implications of the study are given in section 4.
Data and Methodology
Daily 850 rnb meridional wind component from the National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) reanalysis project [Kalnay et al., 19961 is used to quantify the synoptic-scale waves over West Africa during the boreal summer. Archived on a 2.5" x 2.5" grid, only data from 1998 to 2002 are used corresponding to the availability of current TRMM gridded products.
TRMM product 3B42 is applied to extract synoptic-scale wave signals from satellite- to December 31, 2002. Detailed algorithm and other related TRMM product descriptions can be found in Kummerow et al., [2000] . In this study, to fulfill our objectives, rainfall data are interpolated onto the 2.5" x 2.5" NCEP/NCAR grid. Also, to avoid the affect of the western coastal region where much more intense summer rainfall and wave activity are always observed, our study will focus on the interior West Africa, Le., 0 -30"N and 5"W -2.5"E.
A Lau and Weng [1995] and Torrence and Compo [1998] . Besides estimating wavelet power spectra of 850 mb meridional wind and surface rainfall separately, wavelet cross-spectra and phase-differences between these two variables are estimated and applied to interpret their physical relationship using a similar computation procedure described in Torrence and Compo [1998] . Wavelet cross-spectra (C,,,.) between 850 rnb meridional wind and precipitation have a peak at T = 3 -6 days in these five years [ Figure 21 , confirming the coupling of wave -1 dynamics and convection. Based on the assumptions of a "red noise" spectrum [ Gilman et ai., 19631 and the x2 distribution of wavelet spectra [ Torrence and Compo, 19981, this [Diedhiou et al., 1998 and 20011. Diedhiou et al. [1999 showed that these longer-period waves are more intermittent than the classic AEWs, their corresponding wind field has both similar and contrasting characteristics, and they are generally located along 17.5' " north of the main rain belt. Furthermore, Grist [2002] showed that they 
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Latitudinal Distribution
For 850 mb meridional wind, most spectral signals within the period range of T = 2.56 -6.08 days are located along 15"N -25"N [Solid lines in Figure 31 , indicating the most intense wave activity region in dynamic fields. This is generally consistent with previous results [e.g., Reed et al., 1977; Duvel, 19901. A second maximum appears where moisture is plentiful during the boreal summer [e.g., Thorncroft and R o w e l l , 19981 . To further explore the relationship between the perturbations in meridional wind field and precipitation, their phase-differences are estimated within the synoptic-scale domain. there is a peak around -180" to -120", suggesting a tendency of out-of-phase. This is qualitatively consistent with Tai and Ogura (1987) which reported a phase difference of -90" to -110" for the easterly waves along 11.25"N in the eastern Pacific. Hence the positive precipitation anomalies related to the waves are ahead of the wave trough and tend to be close to the anomalous northerly flow zone. This tendency becomes weaker along 15"N with another weak peak appearing near 0". At the latitudes of 17.5"N and 20"N, the strongest peak is located between 0" to +60", implying an in-phase relationship.
Positive precipitation anomalies caused by the waves are within the anomalous southerly flow zone, and actually tend to be near the wave ridge.
Since we did not distinguish the stronger wave signals from the weaker ones in Figure   5 , it is of interest to further examine whether a similar pattern could be found between -1 the convective-coupled wave intensity (quantified by C,,) and phase-difference. Figure 6 shows the corresponding relationship between the wavelet cross-spectral power and the phase-difference for these synoptic-scale waves. A strong latitude-dependent relationship 12 can also be seen, qualitatively consistent with Figure 5 . In the south (along 7.5"N, 10"N, and 12.5"N), most stronger systems tend to be located at -180" to -60") and +180" to $120". Considering the periodic pattern of the waves, the positive precipitation anomalies tend to be near the anomalous northerly flow zone and some of them are closer to the wave trough zone than in Figure 5 . There are also some stronger systems with an inphase relationship and tending to be close to the ridge zone. Along 15"N, two major peaks occur at -60" and between 0" to 4-60". In the north (along 17.5"N and 20"N), the strongest peak is seen near PhaSe,,. = 0", suggesting that those most intense systems have an in-phase relationship between the perturbations in precipitation and meridional wind component. However, some stronger systems can also be found between Phase,,. = -120"
to +120", which tend to be near the wave trough and the northerly flow zone. Intense Monsoon rainfall during this time period corresponds to the first precipitation peak before the main rain belt "jumps" to the north to form a second peak along 10"N as shown in Sultan and Janicot [2000] , Le Barbe et al. [2002] and Redelsperger et al. [2002] .
Before July, as wave signals in 850 mb meridional wind are weaker and far away from the moist rainy region, relatively weaker cross-spectral power is seen as expected. Figure 91 , less evident seasonal cycles 1 -9 1 are found in P,, along with a much stronger seasonal preference of wave activity in precipitation (P,). Also, the peaks in P,, do not often correspond to those in p,. Thus, most intense wave-convective interaction occurs during late July-September when plenti-
ful moisture is transported to the northern West Africa due to the ITCZ's seasonal march.
Along 5"N -10"N [Right panel in Figure 91 , Pr shows a preference to the early summer -1 season. In contrast, wave activities quantified by 850 mb meridional wind (P,,) primarily occur during August-September. This seasonal preference of P,, seems to suggest a southward shift or an extension of easterly wave activity zone during the peak season which needs to be clarified in the future.
Two distinct wave-convection coupling relationships and preferred latitudes are inferred from the phase-differences between 850 rnb meridional wind and precipitation in the last subsection. Here we further explore whether this relationship has a seasonal tendency. The composite maps generally agree with previous results [e. g., Reed et al., 1977; Diedhiou et al., 19991. South of exist. Meridional wind perturbations lag positive precipitation anomalies, and they tend to be out-of-phase, so that the maximum precipitation is located near the wave trough zone. Convective diabatic heating therefore tends to enhance the development of these easterly waves with regard to their wind structure [e.g., Reed et al., 19771 . This relation may also be understood through a vortex-stretching mechanism suggested 'by Thorncroft and Rowel1 [1998] , considering the existence of a cold core in the lower-troposphere. The results here lend strong evidence to the conclusions made in Duvel [1990] . Moreover, an evident seasonal shift of phase-difference between the perturbations in the 850 rnb meridional wind and precipitation is found south of 15"N [ Figures 5 and lo] . Phase,, tends t o change from no preference at 7.5"N -10"N and 0" to $120" (in-phase tendency) at 12.5"N p G & before July to -60" to -180" (out-of-phase tendency) during July-September. This may suggest a seasonal transition of wave-convective interaction, possibly a consequence of seasonal variations in the strength of wave activity (and possibly a southward extension) and the ITCZ.
The contrasting phase-relationship provides a basic description of internal association of waves with convection. Nevertheless, the interpretion of this relationship entirely depends on our understanding of easterly waves's structure based on previous observations and our current knowledge of tropical convection. Generally, a positive correlation between convective heating and temperature is a must for a positive wave-convective coupling, even if a vortex-stretching mechanism is proposed. However, an alternative mechanism may be in effect through the existence of the AEJ. Convective heating tends to maintain the AEJ and easterly waves always weaken it [ Thorncroft and Blackburn, 19991 than anticipated and is far from being understood. Further studies of these waves' thermal structure and spatial distribution of diabatic heating are required.
As an important synoptic-scale phenomenon readily seen in daily surface and satellite maps, easterly waves are also essential to the diagnosis and prediction of African climate.
Their structure, propagation and associated convection and precipitation might be closely related to the seasonal march of the ITCZ rain belt and seasonal cycle existing in the large-scale environment, for instance, the AEJ and low-level Monsoon flow. Sultan and Janicot [2000] described the existence of a "Monsoon jump" in the early summer, and proposed that it may be connected to a concomitant westward-propagating intra-seasonal signal. However, they did not further clarify the properties of this intra-seasonal signal.
Le Barbe et al. [a0021 suggested that perhaps two different dynamic processes account for the two peaks in precipitation: One is seen near the Gulf of Guinea (N 5 " N ) before July and the other is along 10"N between July-September. In addition to their arguements, we speculate that easterly waves might be another essential part in the second peak season. As mentioned, due to the release of dynamic instability in the AEJ, which is also modulated by the convective heating associated with the easterly waves, most intense waves usually develop in this season. They extend their influence to the south and become positively coupled with convection and precipitation. Hence, it is possible for them to effectively organize precipitation and pull the main convective region to the north from the coastal region with the rapid increase of low-level moist Monsoon flow. Tai and Ogura (1987) Intraseasonal variations in wave activity and associated convection have been shown in this study [Figures 7, 8 and 91 . Understanding these variations could be crucial for exploring the interannual variability in easterly waves and Atlantic hurricane activities.
Similar variations may also exist in the large-scale environment such as the AEJ, surface precipitation, and low-level Monsoon flow, etc.. Thorncroft and Rowell [1998] illustrated the existence of intraseasonal variations in the AEJ instability. However, seasonal and latitudinal preference of wave-convective interaction undoubtedly warrants further clarification. 
